The rapid emergence of programmes in health informatics, medical informatics and biomedical informatics implies a need for core curricula in these diverse disciplines. This study investigated the recommended competencies for health and medical informatics, aiming to develop a framework for use in curricular development. Current health and medical programmes around the world were analysed to assess how these competencies are reflected in current curricula and to identify new competencies. Several preferred skills and knowledge sets were identified and 40 programs were analysed. Diverse curricular designs were found in these programmes. Competencies such as research skills, knowledge in health information systems and methods for informatics/computer science were the most frequently taught. Knowledge or skills in interpersonal communications, social impact of IT on health, and data mining may represent important skills for future informaticians. The suggested framework and the data analysed may be important for developing a competency-based modular curriculum.
Introduction
In 2000, the International Medical Informatics Association (IMIA) issued recommendations on education in health and medical informatics (HMI) [1] . These recommendations outlined learning outcomes in terms of the knowledge and practical skills needed by
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healthcare professionals to become specialists in information technology (IT) and HMI. The recommendations set out guidelines for establishing courses, course tracks and programmes in HMI, and support international initiatives. Although these recommendations serve primarily as guidelines for undergraduate programmes, they can also be used for designing curricula of graduate programmes (such as masters and PhD programs) in HMI.
The IMIA's recommendations define knowledge/skills in three different domain areas: (1) methodology and technology for the processing of data, information, and knowledge in medicine and healthcare, (2) medicine, health, biosciences, and health system organization, and (3) informatics/computer sciences, mathematics, and biometry ( Table 1 ). The first domain is the most comprehensive and covers basic and technical knowledge for the HMI profession. It also includes some optional skills in bioinformatics, medical physics, robotics and modelling. The second domain includes clinical knowledge, and the third focuses on skills in computer sciences and mathematics. As these comprehensive lists of knowledge and skills are recommended primarily for curricula of undergraduate degrees in HMI, it should be noted, when designing a curriculum for a graduate course, that some knowledge areas, especially those listed under domain 2, will have been covered by undergraduate curricula. The recommendations stress that there must be more advanced levels for higher degrees.
Since the release of the IMIA's recommendations, more sets of competency skills have been suggested and more HMI programmes have been developed by different universities around Table 1 The IMIA's recommendations on education in HMI: knowledge and skills
Domain 1 (methods for processing of information and knowledge in healthcare)

Domain 2 (medicine, biosciences and health system organization)
Qi Rong Huang Competencies for graduate carricula the world. The growth in the number of these courses is predominantly at graduate level, as certificate, diploma, masters or PhD programmes. Such growth may reflect (1) participation in or endorsement of the IMIA's recommendations, (2) increased demands for informaticians in healthcare services, (3) increased interest in informatics knowledge and skills among clinicians and other health professionals, and probably (4) a tendency for IT professionals to move into health IT services, due to the downturn in the IT industry. The attractiveness of the graduate programmes may be their shortness in length and the flexibility of delivery. HMI education at the graduate level also offers an opportunity for graduates in traditional health sciences to gain new knowledge and, more importantly, to make a career change. However, at the same time, the demand for graduate programmes poses new challenges to the academics who are involved in the delivery of the programmes.
There are substantial overlaps between HI and MI or BMI with regard to domains, methods, knowledge and skills. HI can be defined as 'a scientific discipline that deals with the collection, storage, retrieval, communication and optimal use of health related data, information and knowledge. The discipline utilises the methods and technologies of the information sciences for the purpose of problem solving, decision making and assuring highest quality health care in all basic and applied areas of the biomedical sciences' [2] , whereas MI is defined as 'a discipline concerned with the systematic processing of data, information and knowledge in medicine and health care. The domain of medical informatics covers computational and information aspects of process and structures in medicine and health care' [3] . These are just examples of many definitions that have been used to define these two very similar disciplines. A comprehensive list of definitions of HI, including MI, defined by different academic institutions, can be found in the website of Health Informatics at the University of IOWA (http://telemed.medicine.uiowa.edu/hinfo/resources/definitions.html).
It is clear that the emphasis of MI is on problem solving and decision making, with applications in all fields of biomedical sciences. Moore and Berner [4] compared HI curricula with IMIA's competencies using the Certified Professional in Healthcare Information Management Systems (CPHIMS) to examine objectives and found an 80 per cent agreement between HI objectives and the IMIA's competencies. The 20 per cent difference was due to CPHIMS emphasizing business knowledge and skills, while the IMIA WG1 competencies emphasize scientific and technical knowledge and skills and special applications [4] .
Biomedical informatics (BMI) however is regarded as an umbrella discipline that embraces a range of subdisciplines in bioinformatics, clinical informatics, imaging informatics and public health informatics. The American College of Medical Informatics (ACMI) defines biomedical informatics as 'the union of the basic informational and computing sciences, with biomedicine as an application domain. Biomedicine is a broad application domain spanning all professional health practice including public health and bioimaging; basic biological research; clinical research; education of future and current health professionals; and the administration of practice, research and education' [5] . For this reason, it has been seen that there is an increasing number of programmes in BMI and bioinformatics, especially in US institutions.
Parallel with this change is seen the emergence of new curricula in other health sciences informatics, such as nursing informatics, dental informatics, public health informatics, pathology informatics, rehabilitation informatics and bioinformatics. Consumer informatics appears to be a subspecialty of medical informatics, according to the definition of the Consumer Health Informatics Working Group (CHI-WG), American Medical Informatics Association (AMIA) [6] . These disciplines overlap courses in the information sciences, but
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each discipline still has a strong flavour of the original core knowledge areas. It is interesting to note that non-health science faculties have also started to offer programmes that specialize in health informatics; for instance, Master of Business Administration (MBA) in Health Informatics (University of Hull in Hong Kong) and Master of Commerce in Health Informatics (University of New South Wales, Sydney).
Currently, there are vast variations in the curricular design for the same programme, e.g. masters of medical informatics, at different institutions. The variations are reflected in core units, the content of courses and course names. Such diversity illustrates the lack of consensus on competency implementation, course name and course content, which makes it difficult to judge the content of a course without referring to its syllabus. This article aims to develop a framework based on recommended competencies which can be used for curricular development for future health, medical and biomedical informatics.
Methods
Sources
All articles published from 2000 onwards concerning HI/MI/BMI competencies or describing curricula were obtained from the databases Medline, PubMed, CINAHL and Embase. In addition, relevant journals were hand-searched. As most of these programmes or courses are not usually published in academic journals, the Internet was also explored using Google, Lycos, Alta Vista and Excite as search engines. There was no timeframe limit to Internet information. Medscape was also used to seek out information and conference proceedings. Finally, programmes listed in the American Medical Informatics Association resource (AMIA) and on the IMIA's website were checked out for suitability for inclusion. All HI/MI/BMI programmes accessible on the Internet in the English language were examined.
Search strategy, inclusion and exclusion criteria
The keywords used for the search were: 'health informatics', 'medical informatics', 'biomedical informatics', 'curriculum', 'curricula', 'competency', 'education', 'degree', 'graduate', 'postgraduate', 'master', 'diploma' or 'PhD'. The major source of information was Internet websites. All searches were limited to English language journals and programmes.
Articles that addressed knowledge/skills and that listed detailed information of courses were included. Also included were programmes that were still in developmental or proposal stages, and bioinformatics that form part of a curriculum or form a specialization stream of MI or HI. Excluded were programmes majoring in dental informatics, nursing informatics, bioinformatics, public health informatics, and programmes for MBA in HI. The programs that only led to a certificate were excluded. Articles or websites that had no detailed information on courses, credit points or delivery modes were also excluded.
Data extraction
As one purpose of this review was to identify courses of HI/MI/BMI programmes, data pertaining to the course, the course length and the course delivery mode were extracted. Course description, lecture or seminar content, credit points, and admission requirements were not extracted. The websites of some programmes were included to facilitate ease of reference when designing or modifying existing curricula.
Framework and competency mapping
A framework for mapping competencies based on the recommendations by IMIA was developed. In the course of the literature search, several competency sets were identified [7] [8] [9] [10] [11] [12] ( Tables 2 and 3 ). Many of these competencies overlapped with the IMIA's competencies and some were regarded as altogether new. Therefore, this competency framework synthesized all these different sets of competencies (Tables 1, 2 and 3 ). This competence framework was then applied to map competencies covered in the program curricula searched earlier. Some competencies could be identified simply from course names. Where some course names did not clearly indicate what the competency or competencies were, e.g. Systems in Practice, and Introduction to Health Sciences, the course syllabuses were checked to identify them. All the course syllabuses were checked to identify the competencies covered in them (this was done primarily by checking course descriptions available on the Internet). A single course often covers several competencies. Where a competency was spread across several courses (core, compulsory or electives) in a program, it was counted once only. The skills/competencies sets were then broken into three domains according to the IMIA's framework: (1) methods and technology for processing data, information and knowledge; (2) medicine, health, biosciences, health system organization; and (3) information/computer science and mathematics.
Names for competencies were shortened for the purpose of generating charts and some similar knowledge/skills were regrouped to match closely with IMIA's competencies (Figures 1-3 ). For example, skills in expert systems and artificial intelligence were grouped together. Another example of this was research methods, which can encompass knowledge in qualitative and quantitative methods and research design. However, evaluation methods 
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(such as for system evaluation and project evaluation) was regarded as separate from research methods. Descriptive statistical analysis was performed using MS Excel to determine frequencies of competencies covered by these programmes.
Terms
This article uses IMIA's definitions of 'programme', 'course' and 'course track'. The IMIA's recommendations defined 'course' as a 'unit of study, consisting of a set of lectures and exercises, dedicated to a certain field', and 'course track' as a 'set of courses, dedicated to a certain field as part of an education programme' [1] . Thus, a 'course' is also called a 'subject' or 'unit of study' in some institutions.
Results
Only seven studies/review papers were identified in the literature as meeting the search criteria [5, [7] [8] [9] [10] [11] [12] . These addressed HMI curricula in three ways: knowledge and skills necessary for a masters degree [7, 8] ; core skills and knowledge in computational sciences [5, 9] ; and curricular design and the experience of this design (the curricula as taught at Heidelberg/Heilbronn University, Veszprem University and UMIT, Austria) [10] [11] [12] .
Recommended competencies of HMI and competency framework
These studies identified and suggested different sets of competencies for health or medical informaticians. Similar to the IMIA recommendations, Covvey et al. discussed the Set A skills, in ranked order, were identified by a survey of Master Medical Informatics students [9] . Set B skills, in alphabetic order, were suggested by the American College of Medical Informatics for medical informaticians [5] . 
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curricular design from the perspectives of outcome and role and suggested that curricular development should take a role-based approach [7] . The authors designated potential roles for the HI professional such as IT leader, director of information systems, IT/information management (IM) project manager, health IT consultant, system/application expert, process analyst and system evaluator, and suggested that an HI curriculum should be designed so as to allow a graduate to fill these roles. They also recommended that a course design meeting this target should emphasize leadership, interpersonal skills, communication skills, and the comprehension of organization strategy and of senior management in IT/ information management (IM) planning. Hoffman and Ash examined preferred skills for medical informatics graduates among academic and industry professionals and identified a set of skills which then ranked in order of importance (Table 2 ) [8] . Their finding showed that organizational and interpersonal skills were generally ranked higher than technical credentials. In terms of practical skills in computational sciences, Logan and Price surveyed masters level medical informatics students and found that knowledge in database system/data retrieval, web development and programming appeared to be the most important to medical informaticians (Set A, Table 3 ) [9] . The American College of Medical Informatics also recommends a set of computer skills for masters level (Set B, Table 3 ) which identify additional knowledge and skills in mathematics, statistics, research methods and cognitive sciences [5] .
A competency framework was therefore developed by synthesizing all competencies recommended by IMIA and by recent survey studies published since 2000 [1, 5, 8, 9] . This competency set categorized into three domains suggested by IMIA's model (Figures 1-3 ) and was used to analyse current curricula of HI, MI and BMI.
Competency analysis in current curricula
In addition to the curricula published in the literature [8, [10] [11] [12] , courses and course tracks of other curricula were mainly obtained from the Internet since so few published articles described or addressed graduate HI, MI and BMI education or curricula. The Internet has been the de facto standard for prospective students seeking information about programmes. Some universities were found to be still developing their programmes. More universities in the USA than other countries were found to offer masters and PhD programmes in HI, MI and BMI, and one reason for this could be that the search strategy involved American search engines. A total of 40 university graduate programmes were identified (the entire list of these programmes and their courses can be found in http://www.fhs.usyd.edu.au/ him/Docs/HMInformatics_curricula.pdf). The majority of the programmes in US universities were labelled MI or BMI, whereas many programmes in other countries were called HI. MI programmes were mainly offered by faculties of medicine and focused on computer sciences, clinical information systems and clinical decision support systems, whereas some HI programmes were actually offered by faculties of information systems. However, programmes for MI and HI were not usually clearly differentiated, as many HI programmes offered courses that appeared to fit in with MI.
Competencies covered in these curricula were mapped and analysed to determine certain competencies commonly taught in most programmes that could together form a core curriculum. Figures 1-3 show the frequencies of competencies of the three domains in these 40 programmes. Figure 1 shows the competencies of domain 1 covered in these programmes and common to all programmes are research methods (63%), decision support and knowledge representation (60%), information system management (53%), biostatistics and epidemiology (53%), and health record design and analysis (48%). Health economics and administration, a competency of domain 2, is taught in nearly 25 per cent of programmes, whereas the remaining competencies of this domain, such as biosciences, molecular biology and clinical medicine, were all infrequently taught in these graduate programmes (Figure 2) . With regard to competencies of domain 3, methods for informatics/computer sciences and database system are the most frequently taught skills in these programmes (65% and 53%, respectively) and other common competencies are health information system architecture (40%) and programming and network architecture (38%) (Figure 3) . The competencies shown in the top of the frequency charts represent those that are widely taught; however they do not always form part of core curricula. On the other hand, competencies such as data mining, project management, system modelling, team and interpersonal skills, consumer informatics and evidence-based practice, which are offered by a small number of programmes but are not initially listed among the IMIA's recommendations, may constitute a new competency set for future health or medical informaticians.
Inclusion of bioinformatics courses is widely noted in some MI programmes and in all BMI programs. Knowledge in genomics, bioinformatics methods, molecular biology, computational genomics or genetic epidemiology emerges as essential components of bioinformatics competencies, and courses that cover these competencies have become part of electives in many MI programmes and of core courses in BMI programmes, but it is still uncommon to include these competencies in most HI programmes. Genetics/genome, molecular biology and computational biology are only taught in BMI programmes. It is further noted that the percentage of programmes containing bioinformatics courses was higher in the US universities than in universities of other countries (39% versus 29%).
Discussion
Global health and medical informatics education needs to address the diversity of HI programmes [13] . Despite its limitations, this study is considered to provide a representative overview of current global curricula in HI, MI and BMI education (http://www.fhs.usyd. edu.au/him/Docs/HMInformatics_curricula.pdf ), with a quantitative analysis of all the competencies covered by these curricula. The article also identifies some competencies in addition to the IMIA's recommended competencies, with an aim to determine current curricular development and future trends. It reveals very diverse curricular designs and this diversity reflects: (1) that the HI/MI/BMI curriculum is relatively young and consists of cross-disciplinary sciences that integrate information from a variety of other theoretical sciences, including mathematics, computer science and engineering, information science, the cognitive, social and health sciences, medical physics, and management; (2) the lack of consensus as to which competencies should be included in an HI/MI/BMI curriculum; (3) the diversity of roles expected of HI/MI/BMI graduates; (4) the continuous evolution of knowledge as a result of advances in information technology and the human genome; and (5) differences between academics in the understanding of HI/MI/BMI education and the roles of HI/MI/BMI professionals. It is further suggested that a curricular design is 'largely dependent upon where within a University the course originates as well as on the mix of
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courses offered prior to the introduction of health or medical informatics programmes, the available expertise and perceived or known market needs' [13] . It is noted that no previous attempts have been made to analyse the current global curricular development in HI/MI/BMI, with the aim of identifying competencies that constitute core curricula and the trends of future development (Figures 1-4) .
At the present time, it appears that programmes at most institutions are collections of courses, rather than curricula based on formal principles [14] . There is a need for an agreed framework for curricular development, because without it many students would complete such programmes without a clear understanding of the relation between theory and practice. Also, it must be difficult for potential employers to judge correctly what particular knowledge and skills their potential employees have, in view of the large variations in knowledge and skills among graduates from different institutions. Therefore, a role-based approach should be adopted when designing a curriculum. The competency framework suggested by this study, one extending from the IMIA's recommendations, could serve as a useful framework for a modular curriculum in HI, MI or BMI. Johnson proposed another framework for the BMI curriculum that consists of three levels of competencies: formal, empirical and applied [14] . This framework to some extent mirrors the competencies recommended by IMIA but also provides a model for the continuum of the biomedical informatics curriculum. Hovenga also reported a framework of education based on competencies for different specialist groups [15] . Thus, the framework development of the present study can be useful for any type of curriculum design that is competency based.
The present study shows clearly that current graduate HMI or BMI programmes place emphasis on competencies in data processing and knowledge in healthcare (domain 1) and computer sciences (domain 3), whereas many competencies contained in domain 2 are regarded as suitable for undergraduate programs (Figures 1-3) . It is perhaps not surprising that competencies such as decision support, clinical information management, database design and other generic computer skills are core competencies and are rated highly by most institutions. However, research skills are also rated as a top competency for graduate students by most institutions, which suggests that the medical informatician's role is not just limited to assisting clinical care, but equally contributes to research and creating new knowledge. Competencies which are not in the IMIA's recommendation but are identified in the current curricula or recommended by some studies may represent the trend of the future. For example, consumer informatics, measuring and improving quality in health, team and interpersonal skills, and data mining could be among tomorrow's core competencies and knowledge requirements.
There are certain limitations to this study. Preclusion of many programmes published in languages other than English may have limited the richness of data collated. Most of the analysis would be valid for only one point in time when the raw data were obtained. Inclusion of programmes that major in bioinformatics was beyond the scope of this study.
Overall, competencies in all three domains are comprehensive and complex. Added to the challenges of competency complexity and course heterogeneity are the latest ones from the discipline of bioinformatics. Bioinformatics, genomics, proteomics and pharmacogenetics have become the most promising media for achieving breakthroughs in medicine in the 21st century. Therefore different competency sets are needed to supplement what have been defined as health and medical informatics. Bioinformatics overlaps with medical informatics at the micro end of the spectrum of MI [16] . In the post-genomic era, patient data arising from genetic analysis and pharmacogenetics will become important in clinical decisionmaking. Furthermore, the human genome sequence also forms its own unique vocabulary, as nucleic acid linguistics. As with clinical vocabulary, this new vocabulary can be computerized and integrated into clinical information systems [17] . Many bioinformatics practitioners also view their newly emerging fields as complementary to MI. As many of the tools in medical informatics can be deployed to handle the massive data generated from genetic analysis, it will be strategic to explore opportunities with bioinformatics colleagues to jointly address the many research and development issues and opportunities in the life sciences in the coming years [18] . Figure 4 shows some of the competencies that have been included in some programmes to address this challenge (note: some biological knowledge is taught in undergraduate programmes). In the future, it is expected that medical informatics will adapt to the advances in genetics and genomics, and that bioinformatics data can be applied to clinical care. A view has been expressed that there is a need to open the already broad spectrum of the traditional curriculum of medical informatics to include bioinformatics [19, 20] . It has always been a challenge for academics to deliver HI/MI/BMI programmes, due to the diversity of courses, the complexity of competencies, fast evolution, and continually emerging new knowledge and skills such as computer sciences and bioinformatics. This warrants a need for a framework for curriculum development and standardization of course names. Although this study does not provide all the solutions to the challenges we are facing, the suggestion by this study of using a framework for curricular development will allow uniformity of core curriculum requirements, accreditation, credit transfer, and provision of education resource materials, as well as course delivery and reciprocal arrangements from student support services [21] [22] [23] . This study has provided an overview of global curricular designs, developed a new framework of competencies based on the IMIA's recommendations, and discussed how BMI will reshape in the future. The suggested framework is highly portable and is useful when changing programmes, e.g. changing health informatics to biomedical informatics, and for any curriculum development that is competency based.
